Introduction
Isomelezitose is a rare non-reducing trisaccharide composed of glucose and fructose, with the structure α-d-glucopyranosyl-(1→6)-β-d-fructofuranosyl-(2↔1)-α-d-glucopyranoside [1] . It has been produced as a minor acceptor product in reactions of alternansucrase [2] and pDsrI.3535.usp45 [10] PCR amplified with p3535.Gib P1/ P2 (Table 1 ). The resultant plasmid pDsrS(L459).3535. usp45 relied on the Usp45 peptidase cleavage site fragment that was designed such that the DsrS(L459P) processed by L. lactis should be identical to that secreted by L. mesenteroides NRRL B-1118 with the exception of L459P. Transformation into L. lactis LM0230 and enzyme production methods were similar to that previously described [10] .
The glucosyltransferase gene, GtfI (EC 2.4.1.125), from Streptococcus sobrinus NRRL B-14554 was PCR amplified with GtfI.Gib P1/P2 and then used for Gibson assembly with pE-SUMOpro Kan (Life Sensors, Malvern, PA) PCR amplified with pESUMO.Gib P1/P2 ( Table 1 ). Cleavage of the purified protein from E. coli containing the resultant plasmid pGtfI.SUMO with SUMO protease 1 should yield enzyme with the same amino acid sequence as the secreted GtfI protein from the wild-type S. sobrinus host. Mutations for L350 substitutions ( Fig. 1) were introduced into plasmid pGtfI.SUMO using the same methods as before with oligonucleotides GtfI.L350 P1/P2 (Table 1) for amino acid substitutions P, S, E, and R.
The alternansucrase gene, Asr (EC 2.4.1.140), from Leuconostoc citreum NRRL B-1355 was PCR amplified with Asr.Gib P1/P2 (Table 1 ) and used for Gibson assembly with the same pESUMO.Gib P1/P2 PCR fragment previously used. In order to improve solubility of the recombinant enzyme, Asr was also cloned into the same L. lactis expression plasmid previously described. This was accomplished by Gibson assembly of the Asr gene PCR amplified with Asr3535.Gib P1/P2 (Table 1) to remove the predicted signal peptide [14] and the p3535.Gib P1/ P2 fragment previously used. The resultant plasmid, pAsr.3535.usp45, was further altered by modifying the codon for L544 ( Fig. 1 ) with oligonucleotides Asr.L544 P1/ P2 (Table 1) for amino acid substitutions P, S, E, and R. examined the effect of analogous modifications to other heterologously expressed glucansucrases, and expressed several of these enzymes extracellularly in Lactococcus lactis [10] .
Experimental

Enzymes
The glucansucrase, DsrI (EC 2.4.1.125), from L. mesenteroides NRRL B-1118 was previously cloned and expressed in E. coli using a small ubiquinone-like modifier (SUMO) fusion tag to improve solubility [9] . After removal of the SUMO tag with SUMO protease 1, the purified enzyme is expected to have the same amino acid sequence as the mature full-length protein without the native DsrI signal peptide, which is normally removed during secretion in the wild-type L. mesenteroides host. In this study, mutations for L441 substitutions ( Fig. 1) were introduced into plasmid pSUMO-Dsr403 using a two-stage PCR protocol [11] followed by DpnI digestion and then transformation into E. coli Acella cells (EdgeBio, San Jose, CA). Oligonucleotides DsrI.L441 P1/P2 (Table 1) were used for mutagenesis to amino acid substitutions E, F, W, K, D, Y, N, V, P, T, S, G, I, Q, and R.
The dextransucrase gene, DsrS (EC 2.4.1.5), from L. mesenteroides NRRL B-1118 was previously cloned and expressed in E. coli using a similar SUMO fusion tag [12] . In this work, mutations for L459P substitutions (Fig. 1) were introduced into pDsrS-SUMO using oligonucleotides DsrS. L459P P1/P2 (Table 1 ). In addition, DsrS (L459P) was also cloned into L. lactis for nisin-induced secreted expression of the modified enzyme. This was accomplished through Gibson assembly [13] of DsrS(L459P) PCR amplified with DsrS.3535 P1/P2 (Table 1 ) and the vector portion of Reagent Kit v3. A single gene, GtfG, having similarity to other dextransucrases [16, 17] was PCR amplified with GtfG.Gib P1/P2 (Table 1) to eliminate the predicted signal peptide and then used for Gibson assembly with the same pESUMO.Gib P1/P2 PCR fragment previously used. A L417P substitution was introduced into the resultant plasmid, pGtfG.SUMO, using oligonucleotides GtfG. L417 P1/P2 (Table 1) as previously described. All plasmid modifications were confirmed by sequencing prior to utilization for enzyme studies.
The pAsr.3535.usp45 derived plasmids are designed such that the Asr processed by L. lactis should be identical to that secreted by L. citreum NRRL B-1355 with the exception of L544 substitution. Transformation into L. lactis LM0230 and enzyme production methods were similar to that previously described [10] .
The glucosyltransferase gene responsible for isomelezitose production in L. pseudomesenteroides NRRL B-1297, previously classified as L. mesenteroides [15] was identified by genomic sequencing using the Illumina Nextera XT DNA Library Preparation Kit and MiSeq 
Reactions
All enzyme reactions were carried out at room temperature in 20 mM pH 5.5 sodium acetate buffer containing 2 mM calcium chloride and 1.5 mM sodium azide as a preservative. Sucrose concentration was varied between approximately 50 mM and 2.8 M, depending on the experiment.
To compare the products from DsrI variants, 1 mL of an enzyme preparation in buffer (approximately 0.5 U/mL) was mixed with 6 mL of 1 M sucrose (2 g sucrose) in buffer. When all sucrose had been consumed, as determined by TLC, the water-insoluble glucan was removed by centrifugation, washed three times with water, once with 50% ethanol, once with absolute ethanol, and dried in vacuo at ~50 form. Isomelezitose and higher oligosaccharides were eluted immediately with water, whereas leucrose and fructose were retained and eluted in later fractions. The total yield of isomelezitose plus higher oligosaccharides was measured using the phenol-sulfuric acid method [21] , using maltose as a standard. The oligosaccharide fraction was further analyzed by TLC as described above and the isomelezitose content determined densitometrically by scanning the TLC plate in reflectance mode on a desktop scanner (Epson Perfection V200 Photo) in black-andwhite photographic mode. The image was saved as a 300 dpi jpeg file, which was subsequently analyzed densitometrically, using Un-Scan-It software version 6.1 (Silk Scientific, Orem, Utah).
To calculate yield of isomelezitose from sucrose in a large scale reaction, 11 mL of L441E DsrI was incubated with 100 g of sucrose (0.3 moles) in 120 mL of buffer at room temperature (~22 o C) until all of the sucrose had been consumed (~40 hours). The entire reaction mixture was then chromatographed over BioGel P-2, eluting with water. Fractions containing isomelezitose, as determined by TLC, were combined and freeze-dried in vacuo at 50 o C overnight. Conditions were similar for DsrS L459P.
Analytical methods
Glucansucrase activity was measured in one of two ways. Glucan formation was measured directly by monitoring the incorporation of 14 C-glucose into methanol-insoluble glucan using a modified filter-paper technique [9, 18] . Alternatively, glucansucrase activity could be determined indirectly by measuring the accumulation of fructose released under the same reaction conditions using the Megazyme D-Glucose/ D-Fructose Assay Kit with a modified microplate protocol from those previously described [19] . Samples were removed at timed intervals throughout the enzyme reaction and then immediately diluted 20× in Megazyme Buffer #1 and heat denatured at 80 o C for 10 minutes. The activity of DsrI is almost non-existent in Buffer #1 and the enzyme is quickly heat inactivated at this temperature. Precipitated protein for the cooled sample was then removed by centrifugation and the remaining supernatant was then sequentially analyzed for glucose and fructose according to the manufacturer's recommendations. Formation of NADPH with this assay kit was monitored at OD 340 using a Biotek Synergy2 microplate reader to ensure that all conversion reactions were complete. Ideally, the rate of fructose accumulation is representative of the initial rate of glucan biosynthesis if side reactions such as hydrolysis do not occur. For most glucansucrases, the activities measured by both methods are nearly identical. However, for most of our L441 mutants, the amount of polysaccharide synthesized was significantly less than the amount of fructose released, as most of the glucosyl transfer reaction yielded isomelezitose, rather than glucan.
Reactions were also monitored chromatographically. Thin-layer chromatography (TLC) was carried out using silica gel 60 plates with three solvent ascents of acetonitrile-water 4:1 (v/v). Sugars were made visible using N-(1-naphthyl) ethylenediamine dihydrochloride in 3% (v/v) sulfuric acid in methanol [20] . High-performance liquid chromatography (HPLC) was performed using a Waters HPLC system with refractive index detector, fitted with a Regis Spherisorb S5NH column, 5 µm particle size, 4.6 mm × 25 cm, eluted with acetonitrile-water 4:1 (v/v) at room temperature.
Isomelezitose was identified by chromatographic mobility, MALDI-TOFS, and 1 H and 13 C-NMR as previously described [2, 15] . 1 H, 13 C, COSY, HMQC, and HMBC NMR spectra were recorded for each sample on a Bruker 400 MHz instrument in D 2 O at 27 o C. Peak assignments for NMR spectra of higher oligosaccharides were made based on the two-dimensional NMR experiments and the glycosidic linkages were confirmed by HMBC long range coupling experiments (Table 2) . (L441T), arginine (L441R), aspartate (L441D), glutamate (L441E), glutamine (L441Q), and valine (L441V). Lesser amounts of isomelezitose were produced by L441 variants I (isoleucine), K (lysine) and N (asparagine). The reaction products of each of these are shown in the thin-layer chromatogram in Figure 3 . After removal of fructose by Dowex chromatography, the oligosaccharide fraction was measured for total carbohydrate concentration [21] . The bar graph in Figure 4 shows the product distribution produced from 2 grams of sucrose by each DsrI variant. The oligosaccharide fraction was further analyzed by TLC, and the isomelezitose content determined densitometrically (Fig. 5) . Variants L441P, Q, R, S, and T produced the greatest yields of isomelezitose. Variants L441F, W and Y produced little or no detectable amounts of isomelezitose, and the wild-type produced only small amounts.
There were also higher oligosaccharides formed in most of the reactions, with DP ranging from
Results
Leuconostoc mesenteroides NRRL B-1118 DsrI variants
Glucansucrase activity can be measured in one of three ways. Glucan synthesis can be measured, sucrose consumption can be determined, or the release of fructose can be used as a measure of sucrase activity. Generally, small discrepancies between the methods can be explained by hydrolysis instead of glucan synthesis, or by the presence of acceptors and competing acceptor reactions. However, in the case of our L441E mutants of B-1118 DsrI, we observed larger discrepancies than normal. Further examination by TLC showed that sucrose was being consumed but that much of it was being converted to low-molecular weight saccharides instead of glucan. The main products were fructose and an oligosaccharide with nearly the same chromatographic mobility as raffinose, suggesting it was a trisaccharide of similar structure. The unknown saccharide was isolated by gel-filtration chromatography over Bio-Gel P-2. NMR analysis was carried out as previously described [2] , and the resultant spectra matched previously published spectra for isomelezitose [2, 3, 5] .
To determine the optimum sucrose concentration for maximum isomelezitose yields, a series of reactions was set up using 0.1 mL of L441E DsrI (0.18 U/mL glucan synthase activity) and 0.4 mL of sucrose solution of varying concentrations. When sucrose was completely consumed, as determined by TLC, the reaction mixtures were analyzed by HPLC. Fructose, isomelezitose, and leucrose plus isomaltulose [degree of polymerization (DP) 2] concentrations were measured. Although the standard deviations were rather significant, the results do not show any large effect of sucrose concentration on the relative ratios of each product (Fig. 2) . The major products at all concentrations were fructose and isomelezitose, in approximately equal proportions throughout the range of sucrose concentrations. This contrasts sharply with the products from wild-type DsrI, where isomelezitose concentrations were never more than a few percent of the total (Fig. 2) .
Several other amino acid substituents at L441 were also investigated by TLC of reaction mixtures after complete utilization of sucrose. Leucine (native enzyme), phenylalanine (L441F), tyrosine (L441Y), and tryptophan (L441W) made little or no isomelezitose. Those producing the greatest amounts of isomelezitose were proline (L441P), glycine (L441G), serine (L441S), threonine Figure 3 . Oligosaccharide is functionally defined here as the product fraction soluble in 80% ethanol after removal of fructose by Dowex chromatography, and includes isomelezitose. Water-soluble polysaccharide is functionally defined here as being initially soluble in reaction mixture, and precipitated at 80% ethanol concentration, and includes higher-DP oligosaccharides as described in text. WT = wild-type enzyme.
produced isomelezitose in yields comparable to those of L441E and L441P, but with slightly lower amounts of higher DP oligosaccharides. For example, conversion of 1 g of sucrose to isomelezitose was 40%, but recovery was simpler due to the lower levels of DP4 and DP5 oligosaccharides.
Leuconostoc citreum NRRL B-21297 alternansucrase variants
L. citreum NRRL B-21297 alternansucrase (Asr) synthesizes an alternating α-1→3, α-1→6-linked d-glucan [22] . Expression in E. coli with the pE-SUMOpro Kan vector yielded only insoluble protein, so subsequent work relied on secreted expression with L. lactis. Mutant enzymes were created by substitution of leucine 544 with glutamic acid, proline, arginine, or serine. Yields varied according to the amino acid substituent. Whereas the wild-type enzyme gave a 2.5% yield of isomelezitose, variant L544R gave a 1.9% yield, variant L544E gave a 6.8% yield, and variant L544S gave a 9.5% yield. The only alternansucrase variant tested that gave drastically higher yields of isomelezitose was L544P, which gave a 23% yield from sucrose. tetrasaccharides (DP4) upwards to DP14, as measured by MALDI-TOFS and TLC. Treatment with endodextranase eliminated most of the higher (DP>4) oligosaccharides, indicating that they contained predominantly α(1→6)-linked d-glucopyranosyl residues. As shown in Figure  6 , isomelezitose (I) as an acceptor yielded two DP4 compounds (II) and (III). Compound (III) became an acceptor and yielded compound (IV), which became an acceptor and yielded compound (V). The complete NMR assignments of the compounds are provided in Table 2 .
The conversion of sucrose (100 g, 0.3 mol), to isomelezitose by L441E was 57% (43 g, 85 µmol). The same reaction with L441P resulted in an isomelezitose yield of 51%.
Leuconostoc mesenteroides NRRL B-1118 DsrS variants
The wild type dextransucrase (DsrS) enzyme from Leuconostoc mesenteroides NRRL B-1118 produces a water-soluble dextran, with predominantly α-1→6 linkages [12] . Substitution of leucine 459 with a proline residue resulted in a mutant enzyme (DsrS L459P) that in low yields (1.2% of theoretical maximum yield from sucrose). Mutant versions of GtfI produced enhanced amounts of isomelezitose, but the yields were much lower than those produced by B-1118 DsrI and DsrS mutants. Respectively, the yields for GtfI mutants L350E, L350P, L350R and L350S as expressed from E. coli were 4.2%, 6.5%, 4.0% and 5.0%. It appeared that the lower yields were due in part to the formation of larger quantities of the higher DP oligosaccharides, but no further studies were attempted.
Streptococcus sobrinus 6715 GtfI variants
S. sobrinus 6715 is a cariogenic lactic acid bacterium that, like Leuconostoc mesenteroides NRRL B-1118, produces both water-soluble and water-insoluble glucans [23] . The GtfI enzyme is responsible for the synthesis of water-insoluble glucan similar to that of L. mesenteroides NRRL B-1118 in some respects [24] . Like other glucansucrases [15] , it made isomelezitose 
Glucose residue numbering is keyed to NMR data ( Table 2) .
sequence alignment of glucansucrases demonstrate that leucine is highly conserved in the amino acid positions corresponding with L940 for L. reuteri GTF180, L441 for L. mesenteroides DsrI, L459 for L. mesenteroides DsrS, L350 for S. sobrinus GtfI, L544 for L. citreum Asr, and L417 for L. pseudomesenteroides GtfG (Fig 1) . A few exceptions among this diverse enzyme group include reuteran-producing glucansucrase (e.g., reuteransucrase GtfA from L. reuteri [29] and the catalytic domain 2 of α(1→2) synthesizing glucansucrases (e.g., DsrE from L. mesenteroides [26] , which contain a phenylalanine in this position). Crystal structure of a fragment from GTF180 from Lactobacillus reuteri 180 shows that this conserved amino acid is part of a loop of domain B, which is involved in the binding groove near the acceptor binding site [8] . This equivalent leucine can be identified in most glucansucrases as the second amino acid position in the following protein motif presented in PROSITE pattern format:
We initially focused on the equivalent L940E substitution in DsrI because this particular GTF180-ΔN mutant had the highest α(1→3) polysaccharide productivity compared to the other substitutions. When we performed the L441E substitution with DsrI, the resulting mutant form of the enzyme produced very little insoluble glucan. Instead, and unexpectedly, it produced isomelezitose in high yields. This contrasts with L940 substitutions in GTF180-ΔN that produced linear isomaltooligosaccharides or very complex oligosaccharide mixtures, none of which were identified as isomelezitose [8] .
Although several uses for isomelezitose have been proposed, including prebiotics [7] and pharmaceutical excipients [Backström et al., 1999 , Powder formulations containing melezitose as a diluents, US Patent 6,004,574.], applications are limited due to the high cost and relative scarcity of this compound. Isomelezitose has been isolated in small amounts from several enzymatic reaction mixtures [1, 4, 5] , but only one instance of a high-yielding synthesis has been reported [7] . In that example, the yield was reportedly over 70% from sucrose, but that number was calculated from the amount of sucrose consumed, not from the total sucrose added to the reaction. Because their method gave undesirable side products if the reaction was allowed to proceed to completion, it was halted when only a fraction of the sucrose was consumed. If their yield were to be calculated on the basis of amount of sucrose present in the starting mixture, the result would actually be closer to 20-25% yield. This contrasts with our yields, which are on the order of 40-60% of the total sucrose added to the reaction mixture, all of which is consumed in the reaction.
Leuconostoc pseudomesenteroides NRRL B-1297 GtfG variants
The genome sequence of NRRL B-1297 revealed that this strain is more appropriately classified as L. pseudomesenteroides than L. mesenteroides, as stated in earlier publications [15, 25] . We identified two glucansucrases that possibly could be responsible for isomelezitose production. One of them shared a 70% protein sequence identity by Lipman Pearson alignment with DsrE from L. mesenteroides NRRL B-1299, which catalyses the synthesis of α-1,6 and α-1,2 linkages from sucrose [26] . The other protein, GtfG, was between 95-98% identical to a relatively new uncharacterized clade of glucosyltransferase from L. pseudomesenteroides [16, 17] . These proteins most closely align, 52-56% identity, with other glucansucrases that produce predominately soluble dextran, where the majority of the glucosyl linkages are α-1,6. GtfG from E. coli preparations produced a watersoluble glucan with high viscosity. Variant GtfG L417P produced enhanced levels of isomelezitose relative to the unmodified enzyme. An overall yield of 10% based on sucrose was isolated chromatographically. Also observed was a series of oligosaccharides with chromatographic mobility similar to those observed for the other leucine variants previously described.
Discussion
We previously cloned a glucansucrase (DsrI, EC 2.4.1.125) from Leuconostoc mesenteroides strain NRRL B-1118 [9] that synthesizes a water-insoluble glucan, and demonstrated that amino acid substitutions within the active site of the enzyme at threonine residue 654 exhibit altered linkage specificity with respect to the ratios of α(1→3) and α(1→6) d-glucopyranosyl linkages [27] . Several of those strains produced higher proportions of α(1→3) linkages, but also gave lower yields of glucan. In an attempt to increase glucan yields, we subsequently decided to focus on amino acid substitution at leucine 441 with DsrI. The corresponding residue, Leu940, in a Lactobacillus reuteri glucansucrase GTF180-ΔN, which produces a watersoluble dextran, was shown to be involved in acceptor substrate binding and is crucial to linkage specificity and glucan yields with this enzyme [8, 28] . All amino acid substitutions in Leu940 resulted in an increased percentage of α(1→6), with a subsequent decrease in α(1→3) linkages. However, L940E and L940F substitutions also significantly shifted reaction specificity from oligosaccharide to polysaccharide synthesis [8] . Protein It is reasonable to assume that their structures are homologous to those shown in Figure 6 .
This work clearly demonstrate that the ability to shift product formation to isomelezitose by modifying this key leucine residue involved in acceptor substrate binding is a general trend of glucansucrases, and that the efficiency of this conversion is highly dependent on the enzyme. Amino acid modifications of L441 in DsrI and L459 in DsrS from L. mesenteroides NRRL B-1118 allowed us to produce between 50-57% isomelezitose. However, we were only able to achieve up to 23% isomelezitose in L544 modified Asr from L. citreum NRRL B-1355 and none of the substitutions from S. sobrinus L350 GtfI resulted in drastically improved isomelezitose production. It is conceivable that other glucansucrases modified in this particular position could yield similar or even improved product formation. However, we believe that current levels described in this paper now provide an economically feasible route for industrial production of isomelezitose. Isomelezitose has previously been described as minor product in reactions of alternansucrase using fructose as an acceptor [2] and Weissella dextransucrase using lactose as acceptor [3] . More recently, we found that it is produced in trace amounts by a number of glucansucrases when sucrose is the only substrate added [15] . However, it was surprising to find that so many of the L441 DsrI variants we investigated produced high levels of isomelezitose. Besides the wild-type enzyme, the only other L441 variants we studied, which produced little or no isomelezitose, were from the large aromatic amino acid substituents tryptophan, tyrosine and phenylalanine. Furthermore, these three variants also made little or no water-insoluble glucan (Fig. 5) . Thus, of the sixteen L441 variants studied, only the wild-type produced large amounts of waterinsoluble glucan and no isomelezitose.
Previous work with L. reuteri focused on this key leucine amino acid position, L940, which is located in the binding groove adjacent to the acceptor binding site, because it was highly conserved in dextran and mutan producing glucansucrase and alternansucrase; however, reuteran-producing glucansucrases and an α(1→2) branching glucansucrase were found to have phenylalanine in this position [8] . In that study, Meng et al. [8] determined that amino acid substitutions in this position with large aromatic side chains partially blocked this binding groove preventing isomaltooligosaccharide acceptors from interacting with the enzyme in an orientation favorable to forming α(1→3) glycosidic linkages. In the present study, we also found that the aromatic substitutions L441F, L441W, and L441Y completely eliminated water insoluble glucan and shifted product formation to predominantly lowmolecular water soluble glucan. In the course of this work, we found that some of the product mass was unaccounted for when only high-molecular weight polysaccharides (i.e., those precipitated by 50% ethanol) and low-molecular weight oligosaccharides were measured, and so used increasing volumes of ethanol in an attempt to precipitate lower-molecular weight dextrans. We found that a large proportion of the reaction products were precipitated with 4 volumes of ethanol (i.e., 80% v/v). As shown in Figure 3 , the amount of soluble dextran exceeds the amount of insoluble dextran formed in all DsrI variants, including the native, wild-type enzyme. Preliminary analysis of these glucans showed that they are converted to smaller oligosaccharides by endodextranase hydrolysis, and NMR shows the linkages to be primarily α(1→6). MALDI-TOFS analysis showed that these glucans range from hexasaccharides up to decasaccharides, and larger.
